Rapid and reliable assessment of volatile and semivolatile organic compounds in the environment using gas chromatography ͑GC͒ is often limited by cost of analysis, and time delays between sampling and analysis. Many environmental monitors incorporating GC systems are too large for portability, and lack sufficient sensitivity and/or selectivity to serve as practical environmental monitors. Frequently, a complete system redesign, due to nonlinear power scaling relative to component size, is required to reduce the mass and volume of power supplies, especially for the micro-systems of present interest. Here, we examined four strategies in reducing power demand by the largest consumer of power in a model micro GC, the preconcentrator. Our simulations included alterations in heater pad placement/size, reduction of thermal mass in the device, vacuum sealing, and incorporation of a gas dwell time during preconcentrator heating. Our numerical results were in general agreement with experimental findings in simpler systems, in terms of the benefits of vacuum sealing. The greatest reductions in power demand were achieved with vacuum sealing ͑51%͒ and reductions in thermal mass ͑15%͒. Future work will address structural and materials issues involved in reduction of thermal mass, and also optimization of power supplies required to meet the multilevel power demands of these complex microelectromechanical systems.
I. INTRODUCTION
Rapid and reliable assessment of volatile and semivolatile organic compounds in the environment using gas chromatography ͑GC͒ is often limited by cost of analysis, and time delays between sampling and analysis. Many environmental monitors incorporating GC systems are too large for portability, and lack sufficient sensitivity and/or selectivity to serve as practical environmental monitors. 1, 2 Onboard power supplies in these systems, whose volume and mass often limit the ultimate device size, 3 are an important target for reduction. Frequently, a complete system redesign, due to nonlinear power scaling relative to component size, is required to reduce the mass and volume of power supplies. 4 Most GC systems are comprised of seven components: carrier gas, flow controller, sample inlet/preconcentrator, one or more columns, controlled temperature zones ͑ovens͒, detectors, and data acquisition system. Field-portable designs have been proposed that exploit reductions in volumes of GC systems by replacement of carrier gases ͑e.g., helium or hydrogen͒ with environmental air, [5] [6] [7] other designs have incorporated miniaturized components to improve portability. [8] [9] [10] GC sensing is based on differential migration of bands of molecules injected into the high pressure end of a column, as a concentrated volume ͑plug͒ of sample. A table of typical sample volumes for columns is given in Table I. 11 Microsen- sors typically consist of Au-thiolate monolayers encapsulated by metal nanoclusters, with different thin film resistances and sensitivities to reversibly adsorb organic vapors. Thus, the signal from the column is measured as a voltage difference, due to change in resistance of the microsensor upon exposure to the analyte. Signals or peaks correspond to retention time or fractional volume of a component of the sample, and are Gaussian in shape. Excessively high bandwidths prevent accurate analysis of species, and reduction in volume of analyte usually requires that gases be preconcentrated. Wise, Angell, and Terry, and Jerman were the first group to demonstrate that key GC components, including the column and detector, could be fabricated on silicon, paving the way for development of microgas chromatograph ͑GC͒ systems. 12, 13 Since then, other workers have similarly constructed GC columns, 10, 14, 15 heaters, 9, 16 sensors, 17, 18 and thermal conductivity detectors 19 on silicon wafers. Design of a near-real time, fully integrated GC remains a challenge, however; elimination of memory effects, shortening of time response, and achievement of high sensitivity, selectivity, reproducibility, and system stability over time are all important design goals in such a device. But perhaps the most important barriers to realization of a GC are reduction of power demand by individual components, and implementation of an onboard, low volume and low mass power supply system.
Here, we used simulations to identify likely means of power reduction, in a specific GC system, which uses air as both carrier and analyte gas using data provided by Lu and a͒ Author to whom correspondence should be addressed; electronic mail: amsastry@umich.edu Zellers and Wise, Najafi, and Aslam. 20 Though previous workers have noted that power consumption may be reduced via minimization of the mass of adsorbent, pressure drop across the adsorbent bed, flow rate, and desorption temperature, 3 none to our knowledge have performed a theoretical analysis of the factors influencing the power consumption of these microdevices. Many silicon-based microelectromechanical systems ͑MEMS͒ besides the device studied here, incorporate heaters ͑e.g., microsensing devices, 21 thermomechanical writing and reading process devices, 22 microfluidic devices for DNA detection 23 and microgas separation columns 9 ͒. Some reduction in thermal mass, vacuum sealing, and some latitude in selection of locations of heaters can generally be made in these systems. In the present work, we examine, via three-dimensional ͑3D͒ finite element modeling, power reductions possible using various strategies in housing and cycling one of the largest power consumers in a GC device: the preconcentrator.
II. PRECONCENTRATOR
Preconcentrators, or "microtraps," commonly used in GC systems typically consist of stainless steel cylindrical tubes, lined with silica, 5, 24 though some have been constructed of ioconel 600, 25 and glass. 26 Typical inner diameters are ϳ0.53-1.00 mm, and typical lengths are ϳ100-150 mm, and thus typical volumes are approximately 0.012-1.35 cm 3 as described in Table II . 5, 14, [24] [25] [26] [27] [28] [29] [30] Capillary tubes described in Table II , also have disadvantages of large "dead" volume, the interstitial or interparticle volume of the column, and limited heating efficiency, due to their larger thermal mass. In online gas chromatography, preconcentrators are used to concentrate analytes and then are heated to desorb the analytes into a narrow plug that is injected into the GC. A microtrap must contain sufficient adsorbent mass ͑surface area͒ to ensure quantitative trapping of vapors from the sample stream, but small enough to be rapidly heated to ensure complete desorption and minimize desorbed vapor bandwidth. Hence, fast heating and equally distributed temperature throughout the device are vital for preconcentrator desorption efficiency and bandwidth because rapid desorption is crucial to generate narrow bands for injection into the GC. The rate of desorption is dependent upon both the heating rate of the constituents in the preconcentrator, and the maximum temperature reached in the device.
Preconcentrators are generally heated via direct resistance, because of the near-perfect efficiency attainable in electrical-thermal conversion. 31 Typically, alternating currents of ϳ5 -10 A at relatively high voltages of ϳ20-50 V are required to heat a preconcentrator. The heating rate, operation time, and maximum temperatures achieved depend on the size, shape, and material used for the preconcentrator, mobile gas, type of adsorbent, and type of analysis as illustrated in Table II . 1, 8, 28 For a sufficiently narrow band injection, the temperature distribution throughout the bed must be consistent.
Given the very short heating times and rapid changes in temperature required of the device, determination of the temperature profile within a preconcentrator is a nontrivial experimental exercise. Conventional thermocouples provide excellent accuracy, having capability to determine temperatures within ϳ0.2°C and reliable resolution in detection of 0.01°C. 32 They lack, however, the subsecond response times needed to allow tracking of the effects of the highspeed heating and cooling cycles within these devices. Highspeed infrared cameras are also commonly used to determine temperature distribution, but they offer only surface measurements. 32 Thus, in this study, we perform 3D finite element simulations of heat transfer, given the difficulty in determining temperature distributions experimentally.
To design for low power, and rapid, consistent heating of the preconcentrator, several factors were examined: the heat transfer mechanisms-conduction, convection, or radiation; effects of contact pad placement, size and location; thermal mass reduction of preconcentrator housing; packaging, and a stop-flow 5, 33 technique that allows for the heating of the preconcentrator device before power losses due to convection can be accumulated. For specificity in our 3D finite element models, we analyzed a preconcentrator microtrap device, which is the successor to the single stage preconcentrator fabricated by Tian et al. 16, 34 Our device, top and side views depicted in Figs. 1͑a͒ and 1͑b͒, are larger than the previousgeneration version ͑with a total volume of ϳ11.7 l as opposed to a volume of ϳ5.6 l͒ in the single-stage version studied by Tian et al. 34 Our device consists of a silicon microheater packed with granular adsorbent used for the capture and concentration of vapors from the environment for subsequent focused thermal desorption and transport to a GC system. The larger size of this preconcentrator allows for three types of adsorbent instead of one, having higher selectivity due to the higher surface area. Commercial materials, including ͑in order of increasing surface area͒ Carbopack B, Carbopack X, and Carboxen 1000, have been proposed as the sorbents, where a staging strategy is used to entrap more volatile compounds using higher surface area materials, during the injection phase. The preconcentrator operation can be summarized as follows:
͑1͒ Sample collection stage. Air-the carrier gas and sample flows through the preconcentrator at a rate of 25 cm 3 / min, is adsorbed, i.e., accumulated on the surface of the adsorbent beads over a 10 min duration of time. Tian et al., 34 through experiments on a single stage preconcentrator containing only one type of adsorbent bead, with a smaller sample volume demonstrated that the power consumption of a single stage 520-m-thick Si microheater could be reduced from 1.05 W at 250°C, atmospheric pressure, to 0.675 W at 1.2 Torr, representing a reduction of ϳ35% in total heating power. They also illustrated that the size of air gaps around the microheater ͑thermal isolation͒ affected experimental heating rates achievable in the device; for their device an increase in air gap from 100 to 500 m increased the heating rate by 50%.
Here, we examine the specific relation of these, and several additional design parameters, including use of the stopflow technique, 5, 33 to reduce power demand. The scaledependent and relative influences of contact pad location and size, device external surface area, volumetric air flow rate, and system thermal mass were specifically examined. We also examine how the preconcentrator power profile, power consumption versus time, relates to the selection of power supply for GCs used for the analysis of semivolatile and volatile organic compounds. For example, Tian et al. 34 suggested optimization of stop-flow time and resulting preconcentration factor, for minimization of total power consumption, constrained by a minimum injection volume required. However, as we will show here, consideration of power density is an additional important factor, since rapid temperature ramp times necessitate correspondingly higher power density supplies, which limit the choice of possible power supplies.
III. METHODS

A. Numerical methods and heat transfer model
Simulation conditions were matched to the design goals of the environmental monitor of the University of Michigan Center for Wireless Integrated Microsystems ͑WIMS͒ ͑Fig. 2͒. 20 Specifically, gases within the preconcentrator were heated to an average temperature of 275°C within 3 s, and held at this temperature for 10-12 s. The maximum and minimum allowable temperatures in the preconcentrator were specified as 300 and 235°C, respectively. Detailed descriptions of preconcentrator geometries and models are provided in Tables III-V respectively. Finite element simulations of transient heat transfer within the preconcentrator were run using ABAQUS. 35 Although a heat transfer analysis was performed, heat transfer governing equations are obtained using those analogous to those employed in stress analysis, i.e., those used to determine continuum displacement. 36 All analyses were transient, so heat capacity effects could be included in analyses of the rate of heat generation. Because of the small areal footprint of the contact pad relative to the size of the device, instantaneous equilibration in the contact pad was assumed during heating. The direct resistance heating of the preconcentrator was thus modeled by applying a known heat flux per unit area to a defined number of elements comprising the areal footprint of the contact pads, delivered by current-carrying wires. The initial temperature for all nodes was set to 25°C.
Heat flux was equally distributed over the surface area of the contact pad region ͑e.g., 0.61 mm 2 for Model 1͒. The preconcentrator is heated by joule heating: a current-carrying wire is attached directly to contact pads on the device. Here we modeled the contact pad with a layer of elements having identical areal footprint to the actual contact pads, 0.61 mm 2 . We did not mesh the current-carrying wires, since wires are required for any preconcentrator design where Joule heating is used. Though all connects play a role in heat transfer, we limited consideration of design variables to those which would not be obvious targets for reduction; simply, we assumed that in any design considered, the number of connects would already be minimized.
Radiative heat loss was not modeled in any of the preconcentrator simulations; instead, estimates were obtained via
Specifically, the computed heat loss per second from the surface of the preconcentrator's outer housing due to radiation was approximately ϳ0.20 W, where T s and T sur are device 4 and 0.68 is the emissivity, , of n-silicon ͑doping concentration= 2.94ϫ 10 14 cm −3 ; thickness= 1770 m͒. We assumed a wavelength range between 0.4 and 1.0 m, wherein the emissivity of silicon is nearly independent of temperature and increases from 0.45 to 0.68. 38 We did not perform a detailed study in the present work on radiative losses, since they pose a difficult problem in design, i.e., other variables are more easily changed to reduce power. Later, we comment on future work on this issue, though we do report estimates of radiative losses in all scenarios considered.
The partial differential equation governing transient heat transfer for the three-dimensional region, ⍀, and boundary ⌫ separated into two portions: ⌫ 1 
c is the heat capacity, k x , k y , k z are the thermal conductivity of the material in directions x, y, and z respectively, u defines the known surface temperature, and qٞ is the rate of heat generated per unit volume, and t denotes time. Initial conditions ͑t =0͒ are given by u͑x , y , z ,0͒ = u o ͑x , y , z͒ in ⍀. The weak form of the governing equation and the boundary condition equations over an element ⍀ e is obtained by multiplying Eq. ͑2͒ by a weight function v͑x , y , z͒ and integrating over the element using the divergence theorem, per
The resulting semidiscrete finite element model in matrix form
where M e is the mass matrix, K e is a matrix containing constants pertaining to conductance and convection, f e is the vector pertaining to generation of heat per unit volume, Q e is a vector corresponding to the heat flow into and/or out of the element, and u e represents the temperature vector, where
We assume the heat generation term, f e is zero. A sample mesh, used for nearly all simulations, is shown in Fig. 3 ; the absence of any system symmetries necessitated full, 3D simulation. Meshes were comprised of eight-noded continuum displacement, three-dimensional ͑DC3D8͒ elements.
B. Material properties
The adsorbent, spherical carbon beads within the preconcentrator were modeled as a lumped mass. Effective thermal conductivity, K m , was determined following Rayleigh's classical expression 39 for the effective conductivity of a cubical lattice of spheres in air, per 
where K d and K m are normalized graphite and effective conductivities, respectively, relative to medium conductivity K c , i.e.,
and
Values K d and K c , the particle and medium conductivities, were estimated to be 1.67e-1 and 2.51e-5 W / mm K, and were used to solve for K m . The specific heat of the adsorbent bed mass was calculated via
where MW mix is the molecular weight of the mixture
and n total is the total number of moles, n s is the number of moles of solid, n i is the number of moles of gas, c s is the specific heat of solid, and c pi is the specific heat of air. Material properties used in the analyses are summarized in Table  VI .
Convective losses among particle beads were not computed; the bead bed was modeled as a composite material of graphitic particles in air. Laminar flow within the packed column was assumed. The coefficient of heat transfer was calculated for channels in the device exposed to air. The heat transfer coefficient for laminar tubular flow in a channel with friction factor f, length L, and hydraulic diameter D h , is given by
where f = 64 Re ͑14͒
and A is the cross sectional area of the duct, P is the perimeter of the duct, V is the average velocity of the fluid within the duct, and Re is Reynold's number. The proportionality constant g c is 1 kg m/Ns 2 , in SI units. For Model 5, natural convection of air along the surfaces of the outside walls of the preconcentrator was assumed. The heat transfer coefficient, h, for free flow over a flat plate can be derived using the Nusselt number. For any flat plate with a characteristic length, L, Nu L is
where 
for a horizontal plate. 37 In Eqs. ͑17͒-͑19͒, Ra L and Pr are the Randel numbers, respectively, for air at a given state. Ra L is determined from
where g is 9.81 m / s 2 , ␤ is the volumetric thermal expansion coefficient, T s is the surface temperature of the air, of 275°C, T ϱ is the ambient temperature of 25°C, L is the characteristic length, is the kinematic viscosity of air, and ␣ is thermal diffusivity. All of the properties used were taken at the film temperature, T f , of
The characteristic length, L, is equal to the length of the plate for vertical plate calculations, and A s / P, for a horizontal plate, where A s is the surface area of the plate and P is the perimeter of the plate, as explained in the following sections. The preconcentrator was fabricated from ͗100͘ p-type silicon and contact areas were constructed as thin oxide/nitride/ oxide layers. All properties selected for silicon were taken for pure silicon at a reference temperature of 25°C, since the other species were of low overall content ͑less than 10 16 atoms/ cm 3 , 40,41 and low contact resistance was assumed. 42 Conductivity ͑1.26e-1 W / mm K͒ and specific heat ͑7.03e2 J / kg K͒ were used, since thermal conductivity is nearly independent of dopant concentration for temperature above 100 K. 43 Constant thermal conductivity and specific heat were assumed in all simulations.
C. Case studies
The purpose in modeling the preconcentrator was to determine the power versus time profile required to heat the preconcentrator to 275°C within 3 s, and maintain this temperature for 9 s. The input power required to achieve this temperature was trial and error: increasing heat flux rates were specified until 275°C was achieved. The required power input was the variable under investigation, hence, each point in power versus time profiles represents one or more simulations.
Our studies were performed using a design that is the successor to an earlier version studied by Tian et al. 16, 34 This larger device has a total volume of ϳ11.7 l, increased from the volume of ϳ5.6 l in the single-stage version studied by Tian et al. 16, 34 Tubular preconcentrators are typically heated to hundreds of degrees within a fraction of a second, 8 and thus both short heating times and uniformity of temperature are important, and were studied here.
We examined four different strategies for power reduction in the preconcentrator. First, variations in contact pad size and configuration were considered ͑Table V͒, to quantify the amount of time and power required to heat the device. Second, the effects of thermal mass reduction of the silicon preconcentrator housing were studied ͑Table III͒. Third, a packaging study was conducted to examine power savings by addition of top and bottom-mounted device covers to allow vacuum sealing, which would reduce heat losses ͑Table IV͒. Fourth, a stop-flow technique 5, 33 for heating the preconcentrator conductively was performed, to study whether reduction in convective losses in the preconcentrator would reduce power demand, via elimination of convective losses ͑Table IV͒.
A total of five models were used to examine the heat transfer in the device; Model 1 was used as the reference configuration. Table III shows the geometries of all models for analysis of the WIMS ERC three-stage preconcentrator; Tables IV and V include listings of the individual case studies performed. Models 1 and 2͑a͒-͑g͒ were used to examine the effects of variation of contact pad size and location. Models 3 and 4 were used to examine the effects of reduction of thermal mass on the power consumption of the preconcentrator. Model 5 was used to examine the power savings resulting from vacuum packaging of the preconcentrator, and Model 6 was used to examine the power consumption benefits resulting from use of the stop-flow 5, 33 technique. The volumetric air flow rate through the preconcentrator was chosen to be 1.5 mm 3 / min. All simulations ͑Models 1 and 6͒, except for the packaging study ͑Model 5͒ assumed the system to be vacuum sealed, hence neither conduction nor convection external to the device was considered in these simulations. Simulation times reflected the 12 s operation time of the real device. No external components to the preconcentrator were modeled. For all models wherein forced flow was applied, the mobile gas flow was assumed to be laminar, given the low Reynold's numbers typically associated with such flows. 44 
Alterations in contact pad geometry/location
The actual preconcentrator has two contact pads; current is supplied to one contact pad via a wire, while the other contact pad is used to ground the device. The reference configuration, Model 1 ͑Fig. 2͒, had only a single contact pad of area 0.61 mm 2 , located on the lower left-hand side of the bottom of the preconcentrator, since direct resistive heating is assumed. Heat was delivered to the preconcentrator through the contact pad surface, and thus Q e in Eq. ͑5͒ is nonzero only for elements within the surface area of the contact pad region. No beads were included in this case study. Also, heating was assumed to be conductive, and therefore in Eq. ͑7͒, all k o terms for convection external to the preconcentrator are set to zero to reflect zero convective heat transfer.
Geometry A, shown in Table III , and contact pad variations in location and size were modeled as indicated in Table  V . In all of the cases ͑Table V͒ the peak power was 3.70 W and the sustained power was 0.65 W. Alterations in the locations and/or sizes of contact pads appeared to have no significant effect on required heat flux, though they did produce changes in initial temperature distribution ͑within 1 s͒, which may be important for the chemical sensing functionality. Specifically, average bead bed temperatures for simu-lations where contact pad surface area was systematically increased by factors of 1.17, 1.42 and 1.93, respectively ͑0.715, 0.869, and 1.177 mm 2 and input heat fluxes of 2.459, 2.098, 1.726, and 1.274 W / mm 2 , respectively͒ were within 0.1% of those of the reference configuration, so we omit plots of temperature distribution in these cases. Likewise, average bead bed temperature values for simulations where the contact pads were located in different areas on the surface of the device or in multiple places ͑two places instead of one͒ on the device were also nearly identical to Model 1. The maximum difference in average temperature ͑T avg,Model1 − T avg,Model2 ͒ between Model 1 and Models 2͑a͒-͑g͒ was less than 1%. Temperature variability within bead bed ͑T max − T min ͒ for Models 1 and 2͑a͒-͑g͒ was less than 5.5% ͑Table V͒.
Elimination of silicon from outer ring of device
"reduction in thermal mass…
To quantify the effect of thermal mass reduction on power demand, two separate configurations, Geometry B and Geometry C ͑Table III͒ were constructed, having reductions in silicon volume of 17.5% and 24.0%, respectively, in Models 3 and 4. Areas outside of the dashed lines are eliminated silicon volume. Each contained a single contact pad, of identical location and size to that in Model 1 ͑Fig. 2͒.
The components of the preconcentrator modeled in these case studies included the microheater, adsorbent beads, and air; Eqs. ͑8͒-͑12͒ were used to compute effective lumped mass values for specific heat and thermal conductivity for the air and adsorbent beads within the preconcentrator using values shown in Table VI . Both convective and conductive heat transfer were considered, and thus in Eq. ͑7͒, k x ͑where x =1,2,3͒ and q n , respectively, were nonzero, to account for conduction among silicon, air and beads, in addition to convection from surfaces of beads, silicon walls and slats.
Reduction in thermal mass resulted in modest power savings. Specifically, the configurations of Models 3 and 4 resulted in a total power reduction of 8.12% and 15.31%, respectively, over a 12 s time interval, as compared to Model 1 ͑Table VII͒. Excessive removal of silicon could create struc- tural problems with the device; thus examination of replacement of graphite beads with materials of lighter weight ͑e.g., higher porosity͒, may be merited.
Packaging study "elimination of vacuum sealing of preconcentrator…
A single model was constructed to examine heat losses and attendant increase in power requirements with elimination of vacuum sealing. This configuration, Model 5, again followed Geometry A for contact pad size and location. Beads and air were included in the analysis, and both conductive and natural free convective losses from the external faces of the preconcentrator were examined; in Eq. ͑7͒, nonzero terms thus included k x ͑where x =1,2,3͒ and q n to account for conduction between silicon, air and beads, and convection from the surfaces of beads and silicon walls and slats, respectively. As before, effective lumped mass values of specific heat and thermal conductivity for the air and adsorbent beads were used.
Simulation results predict a 51% increase in power consumption ͑Table VII͒ over a 12 s interval for the preconcentrator when the vacuum seal is removed, which is comparable to the 35% reduction reported by Tian et al. 34 for the operation of their smaller microheater ͑which did not include adsorbent beads and a preconcentrator top͒. A power versus time profile for the nonpackaged simulation and the packaged simulation are shown in Fig. 4 .
Since air must be allowed to flow through the preconcentrator during operation, a complete vacuum seal of the entire device is not a practical option. Two separate seals, however ͑top/bottom͒, could be designed. A disadvantage of including a vacuum seal on the top and bottom covers of the preconcentrator is cost, as packaging is one of the most costly parts of microsystem manufacturing, and it is also often the first to fail or negatively influence the system response. 45 However, uses of other vacuum seals have generally proven effective in other MEMS devices. 46, 47 
Introduction of gas dwell in preconcentrator "stop flow…
Introduction of a gas dwell in the preconcentrator, or stop flow 5, 33 involves heating the preconcentrator device to 275°C within 3 s before pumping air into the preconcentrator. The convective losses are thus eliminated during preconcentrator heating, resulting in power savings. A single case study, Model 5, was used to quantify power reduction, using Geometry A, with contact pad size and location again following Model 1.
Thus, during the 3 s preconcentrator heating time, the portion of the term q n , relating to convection in Eq. ͑7͒ was set to zero, while the conduction terms k x ͑x =1,2,3͒ were nonzero. Convective heat transfer was assumed, once gas was pumped into the preconcentrator.
Use of the stop-flow 5, 33 technique resulted in a 2.03% reduction in power consumption, as illustrated in the power versus time profile of Fig. 4 .
IV. RESULTS AND DISCUSSION
As the largest consumer of power in the WIMS ERC GC, design of the preconcentrator is critical. Our goal in simulations was to achieve an internal preconcentrator temperature of 275°C within 3 s, with nearly uniform temperature distribution within the bead bed, while identifying designs that minimized power requirements.
Overall, our simulation results were in general agreement with published experimental values. Model 1, for example, predicts a peak and sustained power demands of 3.70 and 0.65 W, respectively, to achieve a preconcentrator temperature of 275°C within 3 s, at a flow rate of 1.5 cc/ min. Tian et al. 34 found experimentally that their smaller preconcentrator ͑lateral dimensions of 3 m by 3 m, and bed depth of ϳ520 m͒, fabricated using similar techniques as the ones described, produced a target desorption temperature of 275°C at 5°C/s with an input power of 1.33 W within 42 s and 15°C/s with an input power of 2.25 W within 15 s.
Our computational models were designed to be conservative in predicting power demand. We modeled the housing of the preconcentrator as silicon, i.e., 0.50 mm of silicon without the ϳ2.3 m film layer. The structure was actually constructed from a p-Si wafer, coated with several layers: 0.5 -m-thick thermal oxide layer, followed by am oxide/nitride/ oxide film ͑0.1/ 0.1/ 0.6 m thick͒, 0.5-m-thick poly-Si layer, and a 1.0 m layer of poly-Si for an adhesion layer for the glass/metal/Si bonding for contact pads. 34 Doped polysilicon has lower thermal conductivity values than single crystal doped with comparable concentrations at all temperatures. 41 The concentration of dopant, however, was low in the actual system, and data of Asheghi et al., 40 and indicate that for temperatures greater than 173.15°C thermal conductivity is practically independent of the doping level, i.e., at room temperature, thermal conductivity approaches the same value for doped silicon layer, undoped single crystal layer, and undoped single crystal bulk. 41 We did not account for variation of the thermal conductivity of single crystal silicon with temperature, however; for high purity Si, thermal conductivity should decrease somewhat as temperature increases. Also, thermal contact resistance at the metal/ electrical insulator interfaces increases the total resistance at the location of the contact pad, and hence generate Joule heating. 42 All simulation results are summarized in Tables V and  VII; where P p is peak power, P s is the sustained power, and Model A encompasses Models 1, 2, 5, and 6. The calculated results for power savings or loss, S, are listed in Table V and  Table VII . The time ratio is equal to the peak load ͑3 s͒ divided by the total time of operation, ͑12 s͒ and the duration of time for the sustained load ͑9 s͒ divided by the total time of operation. In the denominator of this equation, the maximum power between Model 1 and Model A is used. Reduction of thermal mass by 17.5% ͑Model 3͒ results in power consumption decrease of 8.12%, reduction of thermal mass by 24% ͑Model 4͒ results in a power consumption decrease of 15.31%, removal of vacuum seal assumption ͑Model 5͒ results in a power consumption increase of 51.18% and use of stop-flow technique results in a power consumption decrease of 2.03%.
Obviously, power consumption due to radiation cannot be overlooked. However, radiation varies little with the design parameters studied here, namely, contact pad location and size, stop-flow technique and volume reduction. In fact, the only parameters that influence power loss due to radiation are vacuum sealing, which enhances radiation; and volume reduction, wherein external surface areas of the device are reduced, which result in reduced power consumption due to radiation. Specifically, radiation is invariant for Model 6 ͑0.20 W͒, since the dimensions of the preconcentrator device do not change for these models. On the other hand, small reductions in volume for Models 3 and 4 produce radiation values of 0.154 and 0.153 W, respectively, which are similar to those calculated for Model 1. If radiation is added to Model 1 values ͑vacuum seal included͒, peak and sustained power consumption is equal to 3.9 and 0.85 W, respectively, such that inclusion of radiation results in a power consumption increase of 18.9% in comparison with Model 1.
V. CONCLUSIONS AND FUTURE WORK
Clearly, reductions in thermal mass, and use of vacuum sealing produce the greatest power savings among design changes considered. The largest reductions in power consumption were obtained from vacuum sealing the device ͑51%͒ and reduction of thermal mass by removal of the outer silicon rings from the device ͑15.31%͒. We also found that varying contact pad size and/or location within the structure produced insignificant changes ͑Ͻ1%͒ in power consumption due to the relatively small size of the device. Implementation of the stop-flow technique provided only modest power savings ͑2.03%͒ to the device. Reduction in thermal mass, however, can only be accomplished with additional analyses, to assure both manufacturability and device structural stability.
The power consumed by the preconcentrator studied will be Ͼ1 W, whether or not radiative losses are considered. The total emissive power of a surface is dependent upon the material or substance, the surface condition ͑including roughness͒, and the temperature. 48 Reduction of radiation losses could be attained by use of a lower emissivity coating for the device or modification of surface roughness. Some workers, for example, have used surface texturing and antireflective thin films to reduce reflection of incident radiation for the purpose of enhancement of optical absorption. 49, 50 Others have shown that use of a reflective surface on the back of silicon crystal increases the apparent temperature, when subjected to high heat fluxes. 51 However, radiation is more efficient in a vacuum, 37 so use of a vacuum seal would unfortunately slightly increase radiative power losses.
We have demonstrated that scaling down the size of the preconcentrator device can lead to reduction in the overall energy ͓Wh͔ required for operation, but the number of electrochemistries required to satisfy large fluctuations in the power versus time curve can present more of a challenge in power selection than expected. We found several ongoing projects in the literature ͑e.g., biomaterial processing and detection, 52 microgas separation columns 9 and low-power consumption microheaters 53 ͒ which might benefit from this understanding.
Our concurrent efforts 54 have been in selecting hybrid power supplies, given the present limitations in reducing power spikes in this device. This work comprises selection of hybrid power supply strategy that accounts for both a high power density ͓W/L͔ power source for peaks/spikes in the power profile, and a high specific energy ͓Wh/kg͔ power source for long service.
